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►  Electrical  properties  of  cells  with  LSGM  electrolyte  operated  in  methane-air  mixtures. 

►  Cell  performance  was  not  significantly  affected  operating  under  optimal  SC-SOFC  conditions. 

►  Operating  conditions  to  minimize  the  degradation  of  electrodes  at  short-term  were  well  established. 

►  Performance  stability  of  buffered  cell  at  short-time  was  similar  to  that  for  non-buffered  one. 
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In  the  present  work,  the  performance  of  Lao.9Sro.1Gao.8Mgo.2O3  (LSGM)  electrolyte-supported  SOFCs  was 
evaluated  under  single-chamber  conditions.  For  this  purpose,  two  single  cells,  one  with  and  the  other 
without  Smo.2Ceo.8O3  (SDC)  buffer  layer  between  anode  and  electrolyte,  were  studied  in  order  to 
determine  and  compare  the  performance  and  short-term  stability  of  cells  under  single-chamber 
conditions.  The  reactivity  of  the  Ni-SDC  anode  with  SDC  (for  the  cell  with  buffer  layer)  and  the  LSGM 
electrolyte  (for  the  cell  without  buffer  layer)  were  studied  by  X-ray  diffraction.  The  reaction  between  Ni 
and  LSGM  during  anode  sintering  and  cell  operation  leads  to  a  substantial  loss  in  the  cell  performance 
when  no  buffer  layer  is  present.  As  a  result,  maximum  power  densities  of  246  and  132  mW  cm-2  were 
obtained  for  the  buffered  and  non-buffered  cells  respectively,  at  800  °C,  under  optimized  gas  compo¬ 
sition  (CH4/O2  =  1.2)  and  a  total  flow  rate  of  400  ml  min-1.  After  55  h  operating  at  750  °C  and  6  thermal 
cycles,  the  performances  of  both  cells  were  decreased  around  25-30  mW  cm-2. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Single-chamber  solid  oxide  fuel  cells  (SC-SOFCs),  in  which  both 
anode  and  cathode  are  exposed  to  the  same  mixture  of  fuel  and 
oxidant  gas,  have  been  intensively  investigated  for  the  last  decade 
[1],  The  main  advantage  of  SC-SOFCs,  with  respect  to  traditional 
dual-chamber  SOFCs,  is  to  simplify  the  device  design  and  to  operate 
in  mixtures  of  hydrocarbon  (methane,  propane...)  and  air,  without 
separation  between  fuel  and  oxidant  [2,3],  which  is  known  as 
internal  reforming,  as  their  operating  temperatures  are  optimal  for 
hydrocarbon  reforming  in  the  anode  [4,5],  SOFCs  under  these 
conditions  become  thermally  and  mechanically  more  resistant  than 
conventional  fuel  cells.  Owing  to  the  exothermic  nature  of  the  fuel 
oxidation  reactions,  the  cell  temperature  is  much  higher  than  the 
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furnace  temperature,  thus  enhancing  the  ion  conductivity  of  the 
electrolyte  and  the  catalytic  activity  of  the  electrodes.  It  allows  self- 
sustained  SC-SOFC  to  be  possible  [6],  Another  advantage  of  this  cell 
operation  type  is  that  the  poisoning  of  the  Ni  by  deposition  of 
carbon  or  sulphur  cannot  be  possible,  as  the  presence  of  oxygen  at 
the  electrode  oxidizes  both  elements. 

Initially,  the  research  in  the  SC-SOFCs  and  the  dual-chamber 
SOFCs  was  focused  on  the  Y0.08Zr0.92O1.96  (YSZ)  electrolyte  cells 
[1—6],  However,  it  requires  high  operating  temperatures 
(800—1000  °C)  to  obtain  high  ionic  conductivity,  thus  resulting  in 
several  problems  for  the  cells:  undesirable  chemical  reactions 
between  cell  components,  ageing  of  components,  and  thermal 
expansion  mismatch  [1],  thus  accelerating  the  decrease  of  the  cell 
performance.  In  order  to  decrease  the  operating  temperature  to 
600—800  °C,  it  is  necessary  to  reduce  the  electrolyte  specific 
resistance,  so  electrolytes  with  higher  ionic  conductivities  than  YSZ 
at  low  and  intermediate  operating  temperatures  must  be  used.  A 
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common  strategy  is  the  replacement  of  YSZ  electrolyte  by  doped 
ceria  materials  [7,8].  However,  Ce4+  of  ceria-based  electrolytes  is 
partly  reduced  to  Ce3+  at  intermediate  temperatures  and  low 
oxygen  partial  pressures,  which  results  in  some  electronic 
conductivity  [7,9],  So,  the  electronic  conductivity  in  the  electrolyte 
can  lead  to  a  reduction  of  the  open-circuit  voltage  (OCV)  and  power 
density. 

In  contrast,  the  Sr  and  Mg  doped  LaGaC>3  materials 
(Lai  xSrxGai  _yMgy03_,),  LSGM)  present  high  oxygen-ion  conduc¬ 
tivities  at  intermediate  temperatures  (>0.1  S  cm-1  at  800  °C) 
[10,11],  and  a  wide  range  of  oxygen  partial  pressures 
(10-21  <  P(02)  <  0.1)  [12,13],  Several  works  have  demonstrated 
good  cell  performances  using  LSGM  as  electrolyte.  Dokyol  Lee  et  al. 
[14]  obtained  a  performance  of  664  mW  cm-2  at  800  °C,  using 
Lao.8Sro.2Gao.8Mgo.2C>2.8,  which  exhibited  the  highest  electrical 
conductivity  among  LSGMs  of  various  compositions.  Wan  et  al.  [15] 
prepared  a  single  SOFC  with  a  Lao.8Sro.2Gao.83Mgo.17O2.8i5  electro¬ 
lyte  200  pm  thick  and  a  Lao.4Ceo.60 1.8  buffer  layer  20  pm  thick 
between  the  electrolyte  and  the  two  electrodes,  which  achieved 
a  power  density  as  high  as  1.4  W  cm-2  at  800  °C.  Despite  these 
advantages,  LSGM  is  not  widely  used  as  electrolyte  for  SOFCs,  as  it 
may  present  important  chemical  reactions  with  electrodes.  The 
interfacial  reaction  between  Ni-based  anode  and  LSGM  electrolyte, 
during  the  sintering  process  at  high  temperature,  has  been  repor¬ 
ted  in  several  works  [16,17],  It  induces  the  formation  of  resistive 
phases,  such  as  LaSrGa307,  LaSrGa04  or  LaGa04,  at  the  interface 
anode-electrolyte,  thus  causing  a  strong  drop  in  the  cell  perfor¬ 
mance  [18,19],  A  potential  solution  to  avoid  the  interfacial  reactions 
is  to  decrease  the  co-sintering  temperature  of  the  anode- 
— electrolyte  at  ones  lower  than  1300  °C,  which  is  difficult  to 
perform  according  to  the  typical  manufacturing  process  of  LSGM 
anode-supported  SOFCs  [16],  Another  choice  is  to  use  a  buffer  layer, 
based  on  doped  ceria,  between  the  anode  and  the  electrolyte, 
which  can  suppress  Ni  and  La  migration  [17,20],  Alternatively,  the 
combination  of  LSGM  electrolyte-supported  design  and  the  ano¬ 
de-electrolyte  buffer  layer  of  doped  ceria  may  minimize  the 
interfacial  reactions,  as  the  anode  sintering  temperature  for  this 
configuration  is  lower  than  that  for  anode-electrolyte  co-sintering 
one  of  an  anode-supported  cell  [15,17], 

Owing  to  the  chemical  reactions  between  the  LSGM  electrolyte 
and  the  electrodes,  few  studies  about  LSGM  cells  have  been 
reported  and  much  less  literature  is  available  about  the  SC-SOFCs 
using  this  electrolyte  [2,6].  In  the  present  work, 
Lao.9Sro.1Gao.8Mgo.2O3— 8  electrolyte-supported  SOFCs  were  evalu¬ 
ated  under  single-chamber  conditions,  using  a  mixture  of  methane 
and  synthetic  air.  For  this  purpose,  both  single  cells  with  and 
without  Smo.2Ceo.803_5  (SDC)  buffer  layer  between  anode  and 
electrolyte  were  studied  in  order  to  determine  and  compare  the 
performance  and  short-term  stability  of  cells  under  single-chamber 
conditions. 

2.  Experimental 

2.1.  Fuel  cell  preparation 

Electrolyte  and  electrode  powders  for  single-chamber  fuel  cells 
were  prepared  by  sol— gel  related  methods.  Lao.9Sro  jGao.8Mgo.2O3_,; 
electrolyte  powders  were  prepared  by  the  polymeric  organic 
complex  solution  method.  Aqueous  solutions  of  corresponding 
nitrates  were  mixed  by  stirring  with  nitric  acid  (65%)  and  ethylene 
glycol  (1 :8  vohvol)  to  make  a  gel.  The  ash-obtained  solutions  were 
thermally  treated  in  three  steps:  80  °C  for  2  h,  120  °C  for  3  h,  to 
obtain  a  black  resin  embedding  all  the  cations,  and  finally  180  °C  up 
to  the  combustion  of  the  polymeric  gel.  After  milling  in  an  agate 
mortar,  the  resin  was  calcined  at  1000  °C  for  5  h,  and  attrition 


milled  for  2  h  in  ethanol  with  zirconia  balls.  Lao.sSro.sCoC^-,;  (LSC) 
cathode  powders  were  prepared  by  the  citrate  sol— gel  method 
starting  from  nitrate  solutions  of  the  different  elements  [21  ]. 

Cylindrical  pellets  of  LSGM  electrolytes  were  prepared  from 
LSGM  powders  by  uniaxial  pressing  at  200  MPa.  A  SDC  buffer  layer 
was  deposited  via  screen  printing  on  a  side  of  a  pellet.  According  to 
previous  works  [13,14],  both  pellets  with  and  without  a  buffer  layer 
were  then  sintered  in  air  at  1400  °C  for  5  h.  Final  disks  presented 
a  diameter  of  12  mm  and  a  thickness  of  200  pm.  For  anode  prep¬ 
aration,  an  ink  was  prepared  from  a  powder  mixture  of  Ni— SDC 
(70—30  wt.%)  and  a  commercial  resin.  For  this  purpose,  a  commer¬ 
cial  Ni  (ALDRICH,  99.9%  purity  and  2.2-3  pm  average  particle  size) 
was  used.  The  ink  was  deposited  by  screen  printing  on  the  side  of 
the  SDC  buffer  layer  and  directly  on  the  LSGM  pellet  without  buffer 
layer.  According  to  previous  studies  [16,17,22,23],  an  anode  sinter¬ 
ing  temperature  within  range  of  1100—1300  °C  for  2—6  h,  using 
a  thickness  of  doped-ceria  buffer  layer  between  10  and  20  pm,  and 
a  cathode  as  it  will  be  presented  later,  may  be  suitable  to  prevent 
the  anode-electrolyte  interfacial  reactions  and  obtain  a  good  cell 
performance.  Our  preliminary  experiments,  which  were  based  on 
electrical  measurements  of  cell  performance  and  ohmic  resistance, 
revealed  that  anode  sintered  in  a  5%  H2-Ar  flow  (50  ml  min-1)  at 
1100  °C  for  2  h,  using  a  SDC  buffer  layer  10  pm  thick,  was  appro¬ 
priated  to  achieve  the  highest  cell  performance.  When  the  anode 
sintering  temperature  was  equal  or  higher  than  1200  °C,  even  for 
a  buffer  layer  thickness  around  20  pm,  the  performance  of  cell  was 
lower  than  that  of  optimal  sintering  conditions.  Only  if  the 
temperature  of  anode  formation  was  not  lower  than  1100  °C, 
electrical  properties  of  cell  and  adherence  between  anode  and  SDC 
(or  LSGM  for  cell  without  buffer  layer)  were  satisfactory. 

For  cathode  preparation,  a  powder  mixture  of  LSC— SDC— Ag20 
(80-10-10  wt.%)  was  prepared.  The  LSC  and  SDC  powders  were 
homogenized  with  10  wt.%  Ag20  in  an  agate  mortar,  and  mixed 
with  the  same  commercial  resin.  Then,  the  ink  was  deposited  by 
screen  printing  directly  on  the  other  side  of  the  dense  LSGM  elec¬ 
trolytes.  As  a  previous  work  [24],  cathode  was  sintered  in  an  argon 
flow  (50  ml  min-1)  at  1000  °C  for  2  h.  Finally,  fuel  cells  presented 
a  final  diameter  of  12  mm,  with  an  electrolyte  thickness  of  200  pm 
and  an  anode  and  cathode  thickness  of  20—30  pm  each  one.  The 
active  area  of  the  fuel  cell  was  around  50  mm2.  The  microstructures 
of  the  fuel  cells  were  observed  using  a  JEOL  JSM-840  scanning 
electron  microscope  (SEM).  After  that,  the  presence  of  the  interfa¬ 
cial  reactions  at  the  different  interfaces  of  both  cells  was  analysed 
by  energy  dispersive  X-ray  analysis  (EDX)  in  the  deep  range  of 
1—10  pm.  Finally,  the  reactivity  of  the  anode,  buffer  layer  and 
cathode  with  LSGM  was  studied  in  order  to  analyse  the  chemical 
compatibility  of  the  materials,  thus  identifying  the  secondary 
phases  formed  during  the  manufacturing  process.  Chemical  reac¬ 
tivity  experiments  were  performed  with  the  mixture  powders  of 
NiO,  SDC,  and  LSC  with  LSGM  (1:1  wt.  ratio),  respectively. 

2.2.  Electrical  characterization  of  the  cells  under  single-chamber 
conditions 

In  order  to  determine  the  electrical  properties,  platinum  wires 
were  attached  to  the  electrode  surfaces  of  the  fuel  cells  for  current 
collection.  An  ink  of  LSC-SDC-Ag20  (80-10-10  wt.%)  was 
deposited  on  the  cathode  as  current  collector.  For  the  current 
contact  in  the  anode,  an  ink  of  Ni— SDC  (90—10  wt.%)  and  the  same 
commercial  resin  were  used.  In  addition,  Ag  mesh  was  used  as  an 
electronic  collector  for  cathode.  Moreover,  an  additional  thermo¬ 
couple  Pt  versus  Pt-10%  Rh  was  placed  in  direct  contact  with  the 
centre  of  the  anode  surface  in  order  to  determine  the  real 
temperature  of  the  fuel  cells.  The  cells  were  placed  in  a  quartz  tube 
(inner  diameter  23  mm),  where  a  mixture  of  N2  +  O2  with  the  air 
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composition  (80:20%,  respectively)  was  flown  with  different 
methane  mixtures  between  0.8  and  1.6  of  CH4/O2  ratio,  and  total 
flux  rates  from  200  up  to  700  m  min-1.  Then,  the  fuel  cells  were 
heated  inside  the  quartz  tube  by  a  tubular  furnace  at  5  °C  min-1, 
from  room  temperature  to  850  °C.  Electromotive  forces  (emfs)  were 
measured  using  a  Keithley  617  electrometer  with  an  input  resis¬ 
tance  of  1014  O.  The  value  of  current  was  measured  by  recording 
the  voltage  drop  in  an  auxiliary  known  resistance.  The  character¬ 
istic  intensity  to  voltage  curves  (/—V)  were  determined  by  using  the 
equipment  for  measuring  current  and  voltage  under  variable  loads. 

2.3.  Efficiency  and  stability  of  the  SC-SOFCs 

In  analogy  to  our  previous  studies  [19],  the  cell  performance 
stability,  fuel  utilization  factor,  and  efficiency  were  investigated  under 
different  operating  conditions.  The  electrochemical  fuel  utilization 
factor  (U/)  represents  the  ratio  of  fuel  amount  consumed  in  the  SOFC 
to  the  amount  of  supplied  fuel.  However,  U/inside  a  SOFC  can  be  also 
calculated  by  the  cell  current,  I,  and  the  inlet  fuel  (methane)  [25]: 

Uf  =  F[6-n(CH4inlet)]  ^ 

where  F  is  Faraday’s  constant  and  n(CH4)  is  the  inlet  number  of 
methane  moles.  For  a  single-chamber  SOFC,  the  most  representa¬ 
tive  parameter  is  to  determine  the  Uf,  because  the  methane  reacts 
with  O2  to  produce  H2  and  CO  (reforming  reaction)  and  these 
products  can  be  utilized  as  fuel  to  generate  electrical  current 
(electrochemical  reaction).  Another  important  parameter  is  the 
system  efficiency  (77),  which  is  normally  calculated  as  the  useful 
power  generated  by  a  specific  cell  with  respect  to  the  fuel  input, 
specifying  the  low  or  high  heat  values  for  the  fuel: 


carried  out  under  similar  conditions  to  the  electrical  tests  of  the  fuel 
cells. 

Finally,  the  stability  of  both  cells  as  a  function  of  the  time  and 
thermal  cycles  under  different  operating  conditions  was  analysed. 
This  study  was  divided  in  two  parts,  because  the  performance 
stability  in  the  SC-SOFCs  critically  depends  on  the  electrodes 
degradation.  First  of  all,  the  stability  of  each  electrode  was  studied 
to  determine  the  effect  of  the  operating  conditions  on  the  degra¬ 
dation  of  electrodes.  Afterwards,  the  global  stability  of  both  cells  as 
a  function  of  the  time  and  thermal  cycles  was  analysed  under 
optimized  operating  conditions,  thus  minimizing  the  degradation 
of  electrodes.  In  order  to  evaluate  the  performance  of  LSGM  cells  at 
short-time  and  several  thermal  cycles,  a  test  of  55  h  with  6  thermal 
cycles  was  performed  on  each  cell  at  750  °C. 

3.  Results  and  discussion 

3.1.  Microstructural  characterization 

Fig.  1  shows  the  SEM  micrographs  of  the  Ni— SDC/SDC/LSGM/ 
LSC— SDC— Ag20  and  Ni-SDC/LSGM/LSC-SDC-Ag20  microstruc¬ 
tures  for  both  cells  after  manufacturing  process.  For  both  cells,  the 
electrolytes  presented  high  density,  and  the  anode-electrolyte  and 
electrolyte-cathode  interfaces  exhibited  a  good  interfacial  adhe¬ 
sion.  Moreover,  it  was  also  observed  that  the  SDC  buffer  layer, 
which  had  a  thickness  around  10  pm,  was  well  adhered  to  both 
LSGM  electrolyte  and  Ni-SDC  anode.  The  porosity  of  electrodes  is 
not  clearly  observed  in  the  images  of  buffered  cell,  due  to  that  the 
cell  cross-section  was  polished,  thus  partially  closing  the  pores,  to 
view  the  buffer  layer  by  SEM. 

3.2.  Chemical  compatibility  of  materials 


system  power  output  _  Pmax  ^ 

^  ~  lower  heating  value  of  fuel  ~~  AHreaction 

where  Pmax  is  the  corresponding  power  drawn  from  the  cell,  and 
AHreaction  represents  the  enthalpy  of  reaction  for  the  overall  reac¬ 
tion  corresponding  to  total  oxygen  consumption  from  the  mixture 
at  the  undergoing  CH4/C>2  ratio  value.  In  this  way,  the  gas  mixture  is 
passing  only  once  through  the  cell  compartment,  without  fuel 
recycling.  For  a  single-chamber  SOFC,  the  best  efficiency  occurs  at 
the  maximum  specific  power.  It  is  due  to  that  the  cell  power  output 
does  not  significantly  depend  on  the  methane  consumed  by 
reforming  reaction,  and  the  generated  heat  by  system  reactions 
(reforming  reaction  and  electrochemical  reactions)  is  not  used  for 
some  type  of  cogeneration  [4,26]. 

On-line  gas  chromatography  (Agilent  Micro  GC  3000)  was  used 
to  analyse  the  effluent  gases.  Calculations  of  the  different  species 
were  based  on  the  fact  that  N2  (carrier  gas)  was  not  consumed  or 
formed  during  the  experiment,  and  the  total  number  of  moles  of 
this  specie  remained  constant  during  the  entire  test.  So,  N2  was 
used  as  an  internal  standard.  Reactant  consumptions  of  CH4  and  O2, 
and  product  concentrations  of  H2,  CO  and  CO2  were  calculated  as 
follows: 

ConsumPtionofK(%)=^«^.f00  (3) 


Conc.ofP(%)=moles  of[(N2+c^^.Q2+^^_co+c02)(ou^j 

(4) 

where  R  —  CH4  or  O2,  and  P  =  H2,  CO  or  CO2.  Before  testing  the  cells, 
several  blanks  were  performed  to  confirm  the  absence  of  direct 
oxidation  reactions  in  the  furnace  atmosphere.  Blank  tests  were 


Fig.  2  shows  the  results  of  the  energy  dispersive  X-ray  analysis 
(EDX)  in  order  to  determine  if  any  chemical  reaction  and/or  diffu¬ 
sion  was  produced  at  the  interfaces  between  the  anode  and  the 
electrolyte  of  both  cells  in  the  deep  range  of  1-10  pm.  Small 
amounts  of  Ni  phase  were  detected  at  the  LSGM  electrolyte  of  the 
cell  without  a  buffer  layer  (Fig.  2a).  The  presence  of  small  amounts 
of  La  in  the  anode  was  also  observed.  In  contrast,  the  buffer  layer  of 
another  cell  blocked  the  La  and  Ni  migration  between  the  anode 
and  the  electrolyte  (Fig.  2b).  Both  anode  and  electrolyte  did  not 
exhibit  contamination  by  species  based  on  SDC  layer.  However, 
small  amounts  of  Ni  and  La  were  detected  into  the  SDC  layer,  which 
were  diffused  from  anode  and  electrolyte  to  buffer  layer,  respec¬ 
tively.  So,  a  small  loss  of  La  with  respect  to  the  original  LSGM 
composition  was  observed,  thus  resulting  in  La-deficient  phases  at 
the  LSGM  side.  On  the  other  hand,  electrolyte-cathode  interface 
was  also  analysed.  Low  intensity  peaks  of  Ga  and  Co  were  detected 
in  punctual  zones  of  the  cathode  and  electrolyte,  respectively, 
which  were  in  a  good  agreement  with  the  results  presented  by 
others  authors  [27], 

Afterwards,  the  chemical  compatibility  of  the  NiO,  SDC,  and  LSC 
with  LSGM  was  studied  by  X-ray  diffraction.  Fig.  3  a— b  shows  the  X- 
ray  diffraction  patterns  of  LSGM  and  a  mixture  powders  of 
NiO— LSGM  (1:1  wt.  ratio)  after  firing  at  1100  °C  for  2  h.  It  clearly 
indicated  the  formation  of  typical  non-conductive  phases:  LaSr- 
Ga307  and  LaSrGa04.  The  formation  of  the  La-deficient  phase  at  the 
LSGM  side  was  closely  related  to  the  migration  of  La  from  LSGM 
electrolyte  to  the  ceria-based  buffer  layer.  The  LaNi03  phase  was 
also  formed,  as  some  peaks  of  both  LaNi03  and  LSGM  phases  appear 
overlapped,  thus  causing  that  these  signs  of  NiO-LSGM  were  wider 
than  those  of  pure  LSGM  phase  (Fig.  3a).  Probably,  these  resistive 
phases  were  formed  at  the  interface  anode— electrolyte  of  the  cell 
without  buffer  layer.  Zhang  et  al.  [16]  reported  that  LaNiC>3  was 
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Fig.  1.  Schematic  configurations  of  the  LSGM  electrolyte-supported  cells:  (a)  without  and  (b)  with  SDC  buffer  layer.  SEM  micrographs  of  the  cross-sectional  of  the  post-mortem 
SOFCs:  (c)  cathode-electrolyte,  (d)  electrolyte-anode  of  the  cell  without  SDC  buffer  layer;  and  (e)  cathode-electrolyte,  (f)  electrolyte-buffer-layer-anode  of  the  cell  with 
a  SDC  buffer  layer.  Numbers  indicate  the  areas  where  EDX  analyses  were  performed  (see  Fig.  2). 


detected  from  X-ray  diffraction  patterns  of  an  LSGM-NiO  mixture 
at  1:1  weight  ratio  after  sintering  at  1150  °C  for  2  h.  Our  results 
confirmed  that  NiO  and  LSGM  are  chemically  incompatible  mate¬ 
rials  under  the  anode  sintering  conditions  of  1100  °C  for  2  h.  On  the 
other  hand,  Fig.  3c  shows  the  powder  X-ray  diffraction  patterns  of 
the  SDC— LSGM  (1 :1  wt.  ratio)  mixture  after  firing  at  1400  °C  for  5  h. 
Several  new  peaks  appeared  after  firing,  which  corresponds  to  the 
LaSrGasOy  and  LaSrGa04,  which  was  attributed  to  the  diffusion  of 
La  from  LSGM  to  SDC  to  form  Cei  _xLax02-2x/2  [14,28],  It  is  due  to 
that  the  rare  earth  ions,  such  as  La,  Sm,  or  Gd,  have  a  good  solubility 
in  the  Ce02  fluorite  phase,  because  of  their  close  ionic  radius  and 
structure  of  their  oxides  [29],  Despite  SDC  layer  was  originally 
introduced  to  suppress  chemical  reaction  between  the  anode  and 
electrolyte,  it  is  clear  that  there  are  diffusion  reactions  between  the 
LSGM  and  the  SDC  under  the  test  conditions.  However,  the  ceria 


buffer  layer  could  block  the  Ni  migration  across  the  LSGM/ 
NiO-GDC  interface,  thus  avoiding  the  formation  of  the  Ni  rich 
phase  (LaNiC>3)  at  the  LSGM  side.  Finally,  the  X-ray  diffraction 
patterns  of  the  LSC— LSGM  (1:1  wt.  ratio)  mixture,  sintered  at 
1000  °C  for  2  h,  showed  two  perovskite  phases:  LSC  and  LSGM 
(Fig.  3d).  The  mixture  LSC/LSGM  apparently  presented  no  remark¬ 
able  signs  of  reaction  in  sintering  powders,  thus  indicating  that  LSC 
is  a  chemically  compatible  cathode  material  with  LSGM  electrolyte, 
under  the  cathode  sintering  conditions  of  1000  °C  for  2  h.  These 
results  are  in  good  agreement  with  the  EDX  analysis  of  the  elec¬ 
trolyte-cathode  interface  presented  in  Fig.  2,  which  revealed 
a  slight  diffusion  between  cathode  and  electrolyte.  It  can  be 
attributed  to  the  relatively  low  sintering  temperature  of  cathode. 
Similar  results  were  obtained  by  other  authors  using  the  same 
materials  and  sintering  temperatures  [27], 
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3.3.  Cell  performance  of  the  single  cells 

Electrical  characterization  of  both  cells  in  open  circuit  voltage 
(OCV)  is  an  important  parameter  in  SC-SOFCs,  because  it  gives  an 
idea  of  the  heterogeneous  catalysis  of  the  hydrocarbon  and  the 
oxygen  species  at  the  anode.  It  also  indicates  the  selectivity  of  the 
cathode  for  the  oxygen  electro-reduction.  Moreover,  they  can 
strongly  differ  as  a  function  of  different  operating  parameters  such 
as  the  gas  composition  and  the  total  flow  rate  [19,30],  Preliminary 
experiments  revealed  that  the  highest  OCV  of  the  cells  was 
obtained  at  a  CH4/O2  ratio  between  1.2  and  1.7.  The  influence  of 
total  flow  rate  (methane  +  air)  on  the  OCV  was  also  studied,  thus 
obtaining  that  the  OCV  remains  almost  constant  between  400  and 
700  ml  min-1.  So,  subsequent  experiments  for  both  cells  were 
performed  at  a  CH4/O2  ratio  of  1.2  and  a  total  flow  rate  of 
400  ml  min-1.  Then,  the  influence  of  temperature  on  the  OCV  was 
evaluated  under  optimizing  conditions  of  gas  composition  and  total 
flow  rate.  High  reproducibility  of  cell  performances  was  observed  in 
both  systems  after  testing  three  identical  cells  for  each  cell  type  for 
several  hours. 

As  shown  in  Fig.  4,  the  OCV  slightly  decreases  with  increasing 
temperature  within  range  of  690-800  °C.  It  is  noted  that  OCVs  of 
the  cell  with  a  SDC  buffer  layer  were  slightly  higher  than  those  of 
the  cell  without  a  buffer  layer.  Values  of  0.97  and  0.92  V  at  680  °C 
with  and  without  a  SDC  buffer  layer  were  achieved  respectively. 


According  to  the  results  in  Fig.  4,  the  interfacial  reactions  between 
Ni-based  anode  and  LSGM  electrolyte,  which  took  place  during  the 
sintering  processes  and  operating  time,  slightly  decreased  the  OCVs 
of  the  non-buffered  cell.  The  formation  of  the  undesired  LaNi03 
phase  at  the  anode— electrolyte  interface  of  the  non-buffered  cell 
could  cause  the  loss  of  voltage  with  respect  to  cell  OCV  with  buffer 
layer.  Probably,  the  H2  and  CO  generation  at  anode-electrolyte 
interface,  which  depends  on  the  catalytic  activity  of  the  methane 
reforming,  was  slightly  reduced  by  the  presence  of  small  amounts 
of  LaNi03.  Thus,  the  highest  OCVs  achieved  for  both  cells  were 
comparable  to  the  values  obtained  by  other  researchers,  which 
obtained  between  0.9  and  1.0  V  under  similar  operating  conditions 
of  SC-SOFCs,  and  using  an  electrolyte  based  on  doped  LaGa03,  Ni 
cermet  as  an  anode,  and  Co-based  perovskites  as  a  cathode  [2,6]. 

On  the  other  hand,  Fig.  5  shows  I—V  (current  density  and  cell 
voltage)  and  /— P  curves  (power  density  derived  from  I—V)  for  both 
fuel  cells.  Performances  of  164  mW  cm-2  at  700  °C  and 
246  mW  cm-2  at  800  °C  were  achieved  for  the  buffered  cell, 
whereas  the  power  densities  for  the  non-buffered  cell  were 
92  mW  cm-2  at  700  °C  and  132  mW  cm-2  at  800  °C.  So,  both  power 
and  current  densities  of  the  cell  with  a  buffer  layer  were  higher 
than  those  of  the  one  without  a  buffer  layer.  It  was  attributed  to  the 
formation  of  resistive  secondary  phases,  which  strongly  increased 
the  internal  ohmic  resistance  in  the  non-buffered  cell  [17],  The 
migration  of  La  and  Ga  from  LSGM  electrolyte  generated  the 
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Fig.  3.  X-ray  diffraction  patterns  of:  (a)  LSGM  after  firing  at  1400  °C  for  5  h;  (b) 
LSGM-NiO  (1:1  wt  ratio)  1100  °C  for  2  h;  (c)  LSGM-SDC  (1:1  wt  ratio)  1400  °C  for 
5  h:  and  (d)  LSGM-LSC  (1:1  wt.  ratio)  1000  °C  2  h.  Symbols  of  phases: 
LaogSr0.1Gao.8Mgo2O3_j  ( # ),  LaSrGa307  ( A ),  LaSrGa04  ( ▼ ),  LaNi03  ( A ),  NiO  ( O ), 
Smo.2Ce0.803-j  ( ■ ),  and  Lao.5Sro.5Co03_,5  ( □ ). 


Cell  temperature  /  °C 


Fig.  4.  Open  circuit  voltage  (OCVs)  as  a  function  of  the  temperature  for  both  SC-SOFCs, 
with  and  without  using  a  SDC  buffer  layer,  at  a  CH4/02  ratio  of  1.2  and  a  total  flow  rate 
of  400  ml  min-1. 


Our  power  densities  were  significantly  lower  than  Fukui’s  values, 
due  to  that  they  operated  in  dual-chamber  with  a  fuel  highly 
concentrated  in  H2.  In  comparison  with  our  previous  work  [29],  the 
OCVs  and  voltages  at  low  current  densities  of  cells  based  on  LSGM 
electrolyte  are  higher  than  those  of  doped  ceria  SOFCs,  thus 
obtaining  higher  performance  and  efficiency.  Therefore,  the  use  of 
LSGM  as  electrolyte  may  be  advantageous  whether  interfacial 
reactions  are  minimized. 

3.4.  Efficiency  of  the  single  cells 

A  fuel  utilization  factor  of  14%  was  obtained  for  the  cell  with 
buffer  layer  under  optimized  conditions:  a  CH4/O2  ratio  of  1.2, 
a  total  flow  rate  of  400  ml  min-1,  a  temperature  of  750  °C 
(210  mW  cm-2  of  power  density)  and  an  electrode  area  of  0.5  cm2. 
The  electrochemical  fuel  utilization  factor  for  the  same  cell  and 
operating  conditions  was  1.3%.  On  the  other  hand,  the  cell  effi¬ 
ciency,  calculated  under  optimal  operating  conditions  and 

AHreact - 300  kj/mol,  was  0.8%.  These  values  are  higher  than 

those  published  in  our  previous  work  [21  ],  which  were  obtained  for 


formation  of  La  deficient  LSGM  phases,  such  as  LaSrGa307  and 
LaSrGa04,  at  the  anode-electrolyte  interface.  These  secondary 
phases  produced  an  ohmic  resistivity  higher  than  that  of 
Lao.gSro.i  Gao.8Mgo.2O3  phase,  which  increased  the  cell  resistance 
at  the  anode-electrolyte  interface,  thus  decreasing  the  power 
density  of  the  cell.  Furthermore,  the  formation  of  the  LaNi03 
perovskite  was  also  possible,  which  is  a  poor  oxide-ion  conductor, 
thus  contributing  to  the  increase  of  the  resistance  at  the  anode- 
— electrolyte  interface.  The  performances  obtained  in  the 
present  work  were  comparable  to  those  of  Hibino  et  al.  [2,6], 
which  reported  maximum  power  densities  around  350 
and  450  mW  cm-2  for  an  electrolyte-supported  SC-SOFC  using 
Lao.9SroiGao.8Mgo203_,5  as  an  electrolyte  (0.18  mm  thickness)  and 
methane  as  fuel  at  700  and  800  °C,  respectively.  On  the  other  hand, 
Fukui  et  al.  [31  ]  reported  power  densities  over  0.7  W  cm-2  at  800  °C 
and  0.4  W  cm-2  at  700  °C  in  a  cell  with  a  Lao.9SrojGao.8Mgo.2O3-,) 
electrolyte  of  130  pm  of  thickness  prepared  by  tape  casting,  LSC  as 
a  cathode,  and  NiO— (Ce02)o.8(SmOo.i5)o.2  (NiO— SDC)  as  an  anode 
material,  operating  with  97%  H2  +  3%  H20  as  fuel  and  air  as  oxidant. 
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Fig.  5.  Voltage  and  power  density  vs.  current  density  for  both  cells,  operating  at 
different  cell  temperatures,  a  CH4/02  ratio  of  1.2  and  a  total  flow  rate  of  400  ml  min-1. 
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Fig.  6.  Open  circuit  voltage  (OCVs)  as  a  function  of  the  operating  time  and  thermal 
cycles  for  both  fuel  cells,  operating  at  a  cell  temperature  of  750  °C,  a  CH4/O2  ratio  of  1.2, 
and  a  total  flow  rate  of  400  ml  min 
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an  anode-supported  cell  with  GDC  as  electrolyte  and  also  operated 
under  SC-SOFC  configuration.  Since  the  performance  in  both  cells  is 
similar,  the  difference  in  efficiency  for  both  cells  is  partially  due  to 
that  the  methane  consumption  of  the  electrolyte-supported  cell  is 
less  than  that  of  an  anode-supported  one.  In  this  second  cell  design, 
both  thickness  and  anode  area,  which  are  directly  related  to  the  cell 
reforming,  were  larger  than  for  the  electrolyte-supported  cell. 
Another  reason  is  that  the  anode-supported  cell  was  exposed, 
under  optimal  operating  conditions,  at  a  higher  total  flow  rate 
(530  ml  min-1)  than  that  used  in  the  present  work  (400  ml  min-1). 
On  the  other  hand,  these  efficiency  values  are  similar  to  those  of 
Napporn  et  al.  [4]  (LI/  =  3.6%)  and  Shao  et  al.  [32]  {r\  ~  1%)  using 
methane  and  propane  as  fuels  in  anode-supported  SC-SOFCs.  In 
comparison  to  double-chamber  cells,  the  efficiencies  for  the  single¬ 
chamber  SOFCs  are  quite  lower  [20],  Furthermore,  it  should  also 
take  into  account  that  the  reactor  design  was  not  optimized  to 
enhance  the  cell  efficiency.  The  chamber  diameter  dimension  of  the 
reactor  was  much  larger  than  that  of  cell,  thus  resulting  in 
a  significant  amount  of  methane  exiting  the  reactor  without  being 
consumed. 


3.5.  Short-term  stability  of  electrodes  and  cells 

Preliminary  works  revealed  that  the  stability  of  the  cell  perfor¬ 
mance  significantly  decreased  when  increasing  the  number  of 
thermal  cycles,  due  to  that  both  anode  and  cathode  were  degraded 
by  the  redox  cycles.  In  order  to  minimize  the  degradation  process, 
the  solution  was  to  maintain  the  cell  under  inert  gas  (N2),  when  the 
temperature  was  below  650  °C,  thus  avoiding  the  anode  oxidation. 
Moreover,  it  was  necessary  to  work  at  cell  temperatures  below 
780  °C,  because  the  LSC  was  partially  reduced  at  higher  tempera¬ 
tures.  For  this  reason,  the  stability  of  LSC  was  analysed  by  X-ray 
diffraction  under  different  operating  conditions.  When  the  cathode 
generated  only  CO2  and  H20,  and  low  concentrations  of  H2  and  CO 
(below  780  °C),  LSC  presented  the  initial  cubic  structure.  In 
contrast,  the  partial  decomposition  of  a  LSC  fraction  was  observed 
at  825  °C  for  15  min,  due  to  that  the  cathode  produced  high 
concentrations  of  H2  and  CO.  Then,  La203,  SrO,  CoO,  and  Co  phases 
appeared,  and  the  intensities  of  the  diffraction  peaks  attributed  to 
Lao.5Sro.5Co03-(5  significantly  decreased.  Therefore,  the  cell  perfor¬ 
mance  decreased  by  the  extreme  operating  conditions  in  temper¬ 
ature  (>790  °C)  and  time  (>5  min).  However,  the  performance  was 
not  affected,  when  the  cell  was  punctually  operated  (for  5  min)  in 


these  extreme  conditions,  or  when  it  worked  under  optimized 
conditions  (680  <  T  <  750  °C  and  1.2  <  CH4/O2  <  1.7).  According  to 
these  results,  the  operating  conditions  to  avoid  the  electrode 
degradation  were  well  established. 

A  test  of  55  h  with  6  thermal  cycles  was  performed  on  each  cell 
at  750  °C.  The  results  of  OCVs  and  power  densities  are  presented  in 
Figs.  6  and  7.  The  OCVs  and  performances  of  both  cells  were 
increased  by  5-10%  in  the  first  5  h  of  test.  It  can  be  probably 
attributed  to  the  conditioning  of  the  electrodes  and  electro¬ 
de-electrolyte  interfaces.  After  5  h,  OCV  and  performance  of  both 
cells  were  gradually  dropped.  OCVs  were  slightly  decreased  with 
increasing  the  number  of  thermal  cycles  and  time  (<50  mV  after 
55  h  and  6  thermal  cycles  of  cell  test).  In  contrast,  the  power 
densities  of  both  cells  were  significantly  reduced  by 
25—30  mW  cm-2  after  stability  test.  Therefore,  the  performance 
degradation  by  operating  time  and  redox  cycles  in  the  cell  with 
buffer  layer  was  similar  to  that  for  non-buffered  cell.  A  fraction  of 
the  power  output  reduction  could  be  due  to  the  interfacial  reactions 
during  operating  time.  However,  the  amounts  of  secondary  phases 
at  the  different  interfaces  after  operating  for  55  h,  which  were 
determined  by  EDX  analysis,  were  the  same  or  slightly  higher  than 
those  after  sintering  processes  of  the  different  components.  It  could 
be  due  to  the  relative  low  temperature  and  time  of  the  operating 
test  (750  °C)  in  comparison  to  the  high  sintering  temperatures, 
which  produced  significant  interfacial  reactions.  So,  the  main 
contribution  for  the  performance  degradation  in  both  cells  could  be 
attributed  to  the  degradation  of  electrodes  (reduction  of  electrode 
specific  area  and  porosity  of  some  cathode  decomposition...)  and 
the  interfacial  adhesion  between  the  cell  components.  This  fact 
justified  that  degradation  rates  in  both  cells  were  similar.  In  a  future 
work,  cell  stability  should  be  further  enhanced  with  more 
measurements  at  long-time. 

4.  Conclusions 

Performance  and  short-term  stability  of  electrolyte-supported 
single-chamber  SOFCs  were  studied  using  LSGM  as  an  electrolyte 
and  methane  as  a  fuel  at  intermediate  temperatures.  The  interfacial 
reaction  between  the  LSGM  electrolyte  and  the  anode  based  on  Ni 
induced  a  substantial  degradation  of  the  cell  performance  during 
the  sintering  process  at  1100  °C.  It  was  due  to  the  formation  of 
resistive  reaction  products,  such  as  LaSrGa307,  LaSrGa04  and 
LaNi03,  at  the  anode— electrolyte  interface.  A  SDC  buffer  layer  with 
a  thickness  of  10  pm  suppressed  the  anode— electrolyte  interfacial 
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reactions,  thus  avoiding  the  La  and  Ni  migration  between  both  cell 
components.  However,  the  high  co-sintering  temperature  of 
electrolyte-buffer  layer  (1400  °C)  induced  the  La  diffusion  between 
LSGM  and  SDC  layer,  thus  obtaining  resistive  secondary  phases 
(LaSrGa3C>7  and  LaSrGaC^)  at  the  buffer— electrolyte  interface.  As 
a  result,  maximum  power  densities  of  246  and  132  mW  cm-2  were 
obtained  for  the  buffered  and  non-buffered  cells  at  800  °C  under 
optimizing  SC-SOFC  conditions.  The  cell  performance  was  not 
affected  operating  under  optimized  conditions:  cell  temperatures 
between  680  and  750  °C,  and  CH4/O2  ratios  of  1.2— 1.7.  An  electro¬ 
chemical  utilization  factor  of  1.3%  and  a  cell  efficiency  of  0.8%  were 
obtained  for  the  cell  with  buffer  layer. 

On  the  other  hand,  short-term  stability  tests  of  cells  indicated 
that  the  performance  degradation,  after  55  h  of  operating  time  and 
6  redox  cycles,  for  the  cell  with  buffer  layer  was  similar  to  that  of 
non-buffered  cell  (losing  around  25—30  mW  cm-2).  It  could  be 
attributed  to  that  the  power  output  was  not  strongly  affected  by  the 
interfacial  reactions  at  operating  temperatures  equal  or  below 
750  °C.  Therefore,  the  main  contribution  to  the  performance 
degradation  in  both  cells  was  probably  the  degradation  of  elec¬ 
trodes  and  the  interfacial  adhesion  between  the  cell  components. 
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